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Although free AA constitutes a minor fraction of membrane lipids in resting cells, ligand stimulation leads to a rapid release of free AA from membrane phospholipids by a variety of phospholipases. 1, 2 When released from intracellular storage sites, AA moves out of cells by permeating through plasma membranes, leading to many bioactive actions, such as the modulation of ion channel function [3] [4] [5] [6] and protein kinase C activation. 7, 8 Therefore, the design and development of a highly sensitive and selective sensor for the in situ detection of AA in various biological systems would be important for understanding the physiological role of AA in cellular metabolism. However, no sensors for AA have been reported, probably because AA is electrochemically inactive, and no suitable enzymes have been found for the development of enzyme sensors.
In designing a sensing system for AA, the nature of AA to interact with phospholipid membranes to induce transmembrane ion transport has a potentiality to work as a sensing principle for AA. Three kinds of AA-induced transmembrane ion transports have been proposed, which were mostly studied by using liposome systems. First, AA mediates the transbilayer flux of protons across liposomal BLMs 9 and cell membranes 10 based on the rapid flip-flop of its uncharged form. 9, 11, 12 The flip-flop mechanism has been proposed by measuring the pH of inside liposomes or cells by using pH-sensitive fluorescence dyes. 9, 11, 12 Second, AA facilitates the transmembrane flux of cations through liposomal BLMs via an ion-carrier mechanism, 13 which was demonstrated by measuring changes in the valinomycininduced transmembrane potential using a voltage-sensitive fluorescence dye. In the carrier mechanism, it is reported that AA transports monovalent cations (Na + , K + ), but does not support the transport of divalent cations (Mg 2+ ). Third, based on measurements with liposomes containing a Ca 2+ -sensitive fluorescence dye (Quin II), it has been reported that AA is able to transport Ca 2+ across liposomal BLMs via an alteration of the physical properties of the membranes. 14 AA-regulated Ca 2+ entry has also been reported for non-excitable cells at physiological levels of stimulation, although the mechanism for Ca 2+ transport is unclear. [15] [16] [17] [18] It is now recognized that AA interacts with artificial BLMs and cell membranes to induce AA-facilitated ion transports. The approaches used by these studies detect ions which were transported into the inner aqueous phase of liposomes or cells and, therefore, the transmembrane movement of ions is measured indirectly. On the other hand, electrochemical measurements with planar BLMs enable one to investigate ion translocation across bilayer membranes with high sensitivity under the condition that the membrane compositions are purposely controlled. However, no studies have been reported on AA-induced ion-transport behavior with planar BLMs, except for a report by Zeng et al., 13 who described AA-induced carrier currents across planar BLMs composed of phosphatidylcholine and high amounts of (2 -10 mol%) of AA added in advance as a membrane component.
AA has a chemical structure similar to that of detergents. It has been reported that molecules having a detergent structure, such as Triton X-100 19 and platelet-activating factor (PAF), induce current fluctuations similar to channel currents in planar bilayer lipid membranes (BLMs). Two possibilities have been proposed as a mechanism for channel formation, i.e., a channel could result from a conformational change in the lipid matrix induced by detergents, and a channel could be constructed by the aggregation of the detergent molecules, themselves.
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In the present study, we report for the first time that AA selectively facilitates transmembrane cation fluxes via a channel mechanism in addition to a carrier mechanism by measuring transmembrane ion currents across planar BLMs. The AAinduced ion transport is characterized in terms of the transport mechanism, concentration dependence, voltage dependence, ion selectivity and selectivity among other fatty acids and metabolites of AA. The potential use of these phenomena for designing a lipid membrane responsive to AA is discussed.
Experimental

Materials
Phosphatidylcholine (from egg, PC), phosphatidylethanolamine (from egg, PE), phosphatidylserine (PS) Na + salt (from porcine brain) and 1,2-dioleoyl-3-trimethylammonium propane (DOTMA + ) chloride were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). Cholesterol (Chol) was obtained from Wako Pure Chemicals Co. (Osaka, Japan) and recrystallized three times from methanol. AA (from porcine liver, oil, approx. 99% by capillary GC), oleic acid (OA), linoleic acid (LA), stearic acid (SA), myristic acid (MA), γ -linolenic acid (LNA), eicosapentanoic acid (EPA) and docosahexanoic acid (DHA) were obtained from Sigma Co. (St. Louis, MO) and were used without further purification. Prostaglandin D2 (PGD2), 5(S)-hydroxy-eicisatetraenoic acid (5-HETE) and 12(S)-hydroxyeicisatetraenoic acid (12-HETE) were obtained from Cayman Chemical Co. (Ann Arbor, MI). Piperazine-1,4-bis(2-ethane sulfonic acid) (HEPES) was obtained from Dojindo Laboratories (Kumamoto, Japan). Other chemicals used were all of analytical reagent grade. A Milli-Q water (Millipore reagent water system, Bedford, MA) was used throughout the experiments. A stock ethanol solution of 30 mM AA was stored under nitrogen at -20˚C. The stock solution was diluted with a 116 mM NaCl solution (vide infra) as needed. The stock AA solution was used within two weeks. The increase in the oxidation of AA was monitored by measuring absorption at 270 nm. 21 No detectable peak was observed within two weeks. The purity of the AA solution was also checked by thin-layer chromatography (TLC). The stock ethanol solution of 30 mM AA was spotted on thin-layer plates of silica gel 60 F254 (aluminum sheet) (Merck, Darmstadt, Germany). Separation was done in hexane-diethylether-acetic acid (40:10:1, v/v) and spots were detected by the molybdatophosphoric acid method. Only one spot was observed for the stock AA solution, even if stored for one month under nitrogen at -20˚C (lanes 1 and 2, Fig. 1 ). When purchased AA was yellow and more viscous than the usual ones, two spots were observed (lane 3, Fig. 1 ). One was a very weak spot (indicated by an arrow) at the same position as that of the normal AA solution, and the other was an intense spot at the origin, which is ascribable to the decomposed fraction. These results suggest that the decomposition of AA in ethanol prepared from normal lots is negligible even when stored for one month. In some cases, AA was dissolved in an aqueous 0.01 M NaOH solution and diluted with a 116 mM NaCl solution. The AA solution was used within 10 h. In most experiments, however, AA solutions diluted from ethanol stock solutions were used. Lipid solutions of 10 mg/ml PC/PE/Chol 
Formation of BLMs
BLMs were formed by the folding method across an aperture of 170 -180 µm in diameter in a Teflon film (thickness 12.5 µm) separating cis and trans compartments of a Teflon chamber, according to the procedure described in our previous paper. 22 The cis and trans solutions were 1.5 ml portions of 116 mM NaCl containing 1.9 mM CaCl2, 2.6 mM KCl, 10 µM glycine and 5.2 mM HEPES/NaOH (pH 7.2, abbreviated as 116 mM NaCl solution), filtered just before use through a cellulose nitrate filter (pore size 0.20 µm, Advantec Toyo Ltd., Tokyo, Japan).
After preparing BLMs, a 5.0 µl portion of 6.0 µM -15 mM AA was injected to the trans compartment under stirring (20 nM -50 µM in the compartment). Then, current recording was performed at a given time interval. Although the AA solution contained ethanol (up to 5.0 µl), the injection of 5.0-µl ethanol to the trans compartment caused no changes in the membrane currents. The probability of observing AA-induced current responses was 25% (n = 12) for PC/PE/Chol (7:1:2), 67% (n = 6) for PC/PE/DOTMA + /Chol (6:1:1:2) and 75% (n = 12) for PC/DOTMA + /Chol (6:2:2) with 5.0 µM AA.
Current recording and analysis
Current recordings were performed with an EPC-7 amplifier (List-electronic Co., Darmstadt-Eberstadt, Germany). The cis side electrode was connected to a headstage of the patch-clamp amplifier and the trans side to the ground. The membrane currents were filtered at 1.0 kHz by an 8-pole low-pass filter of Bessel type (NF Electronic Instruments, Kanagawa, Japan) and digitized at 10 kHz and stored on-line using a COMPAQ DESKPRO 386S computer (Compaq Computer Corp., Houston, TX) in which pCLAMP software version 5.5.1 (Axon Instruments Inc., Burlingame, CA) was installed. The current was defined as being positive when cations flow from the cis to trans sides. Data acquisition for the currents was continued for 26 s with a sampling interval of 100 µs. All of the recordings were made at room temperature ( currents acquired in entire time duration were analyzed with pCLAMP software (Fetchan) version 6.0. The currents in the whole recording period were integrated with respect to time on an IMC-P5K86 computer, as described in Ref. 22 . During scrutinizing the selectivity of the interaction between BLMs and fatty acids or AA metabolites, the magnitude of the carrier-type current induced by each compound varied from one membrane to another even if the same concentration of the compound was applied. The very magnitudes of the integrated currents could not be compared among these compounds and AA. Hence, the responses obtained from different BLM preparations were normalized as follows:
Here, R is the relative response, Q10 is the integrated current induced by AA or an interfering compound at 10 µM, Q is that induced by AA or the interfering compound at a given concentration and Q0 is that in the absence of each compound. The Q10 value was used as the maximum response, because the response to AA did not reach the maximum value even at 50 µM (vide infra). In addition, SA and MA were dissolved only at 10 µM under the present experimental condition. 2+ influx A chloroform solution containing PC, PE and Chol (PC:PE:Chol = 3:1:1, in weight ratio) was dried to a lipid film in a rotary evaporator and subsequently subjected to a high vacuum for 1 h. The dried lipid film was hydrated in Tris buffer (0.13 M KCl, 20 mM NaCl, 10 mM Tris/HCl, pH 7.4) containing 0.13 mM Fluo 3 by vortex mixing. The liposomes encapsulating Fluo 3 were precipitated by centrifugation (12000 × g) to remove any excess Fluo 3 in the outer solution, and the precipitates were finally dispersed in Tris buffer and stored at 4˚C. For measurements of AA-induced Ca 2+ influxes, a Ca 2+ solution was added to the liposome suspension to give a final Ca 2+ concentration of 1.0 mM. Then, a small aliquot of AA solution was injected to the suspension and mixed by vortexing. Fluorescence spectra were measured with a Shimadzu
Preparation of Fluo 3-loaded liposomes and measurements of AA-induced Ca
spectrophotometer RF-5300PC (Shimadzu, Co., Kyoto, Japan) at an excitation wavelength of 480 nm using a glass capillary cell. Figure 2 shows current records from PC/PE/Chol BLMs bathed in a 116 mM NaCl solution containing 1.9 mM Ca 2+ before and after the addition of AA (5.0 and 50 µM in chamber) to the trans compartment. Although the induction of current responses required longer than 40 min, AA induced two types of current changes. One was a downward shift in the chord current (trace a) (hereafter called carrier-type current) and the other was the induction of a rectangular current with a conductance of ∼400 pS (trace b) (channel-type current). The conductance of channel-type currents varied from ∼50 to ∼400 pS among three different BLMs. In the absence of AA, neither a carrier-type nor a channel-type current was observed, even after waiting for 180 min. AA at a concentration of 2 -5 µM (number of measurement, n = 3) induced the channel-type current, while AA at a concentration of 10 -50 µM (n = 2) induced the carrier-type current.
Results and Discussion
Induction of two types of ion transport across BLMs
Similarly, channel-type currents were observed with PC/DOTMA + /Chol BLMs (Fig. 3) , where DOTMA + was added to a membrane-forming solution in order to increase the probability of observing AA-induced current responses (vide supra). Spike-shaped openings with a short lifetime (case a), as observed with the PC/PE/Chol BLMs, were frequently seen (n = 5). The conductance of the channel-type current varied over the range from ∼53 to ∼380 pS. Clear rectangular openings with a lifetime longer than 1 s (case b) were sometimes observed (n = 3). Two-step openings, corresponding to multiple channel openings, were also seen. In this case, the chord conductance of the openings was ∼44 pS for each step. When AA was prepared as an NaOH solution, instead of ethanol, similar channel-type currents with a chord conductance of ∼56 pS were observed (case c), suggesting that AA actually induces channel-type currents.
The magnitudes of the carrier-and channel-type responses increased with time in the time scale of several tens minutes. However, at a short time scale (∼1 min), the currents were regarded as steady currents: the relative standard deviation of three repetitive measurements (26 s for each measurement) was 22% for case a, 9.7% for case b and 5.7% for case c. Hence, the responses at a given time after the injection of AA were analyzed for obtaining the results described below.
Effect of membrane surface charges
Since AA in an aqueous solution of pH 7.2 is fully dissociated, as estimated from the pKa (∼5.0) of myristic acid and stearic acid in water, 23 it was thought that the spontaneous incorporation of AA anions into BLMs would be accelerated if the membrane possesses a positive surface charge. We examined the effect of surface charges of BLMs on the AAinduced currents by using a cationic lipid DOTMA + and an anionic lipid PS. The background membrane conductance (8 -32 pS, n = 14) of the BLMs containing DOTMA + without AA was larger than that (<2 pS, n = 185) of PC/PE/Chol BLMs, due to an increased leakage of ions, most likely Cl -; such an increase in the leakage of anions has been reported for PC/Chol BLMs containing a cationic valinomycin-K + complex. 24 In the case of BLMs containing an anionic lipid PS, no changes in the background membrane conductance were observed. When BLMs contained DOTMA + as a membrane component, AA induced either a channel-type or carrier-type current immediately after its injection. On the other hand, with the BLMs containing PS (n = 39), AA induced neither a channeltype current nor a carrier-type one, because AA anions were repulsed from the negatively charged BLM surface. Thus, the incorporation of DOTMA + into BLMs was effective for a rapid induction of current responses.
Concentration dependence
Concentration-response relationships for both types of AAinduced currents with BLMs composed of PC/DOTMA + /Chol are shown in Fig. 4 , in which the salt composition in cis and trans solutions was symmetric, while the concentration of AA in the trans solution was changed. Since changes in the response types from channel-to carrier-types or vice versa were often observed during increasing the AA concentration, the membranes that showed only one type of current over the whole concentration range were collected. In the case of the carriertype current, the integrated current, corresponding to the number of ions passed through the BLM, increased linearly with the logarithmic value of the AA concentration (n = 3) (Fig. 4a) . The proportional relation between the membrane conductance and the logarithmic value of the AA concentration is typical of carrier-type ion transport for BLMs containing valinomycin and monactin. [25] [26] [27] The proportional relation, together with the flat shape of the current (vide supra) and the fact that the amount of ions transported by the carrier-type current depends on the kinds of ions (vide infra), suggests that the response stemmed from AA-mediated ion transport via a carrier mechanism. On the other hand, for the channel-type current, the integrated current increased in a sigmoid manner with the logarithmic value of AA concentration (n = 3) (Fig. 4b) . However, at a lower concentration range (20 nM -0.19 µM), the relation between the AA concentration and the magnitude of the channel type current was practically linear (inlet in Fig. 4b ). This enabled to use the channel-type current as a measure of the AA concentration.
The concentration ranges of AA required to induce channeltype and carrier-type currents were found to overlap each other. However, the concentration range for the carrier-type current covered a higher range (20 nM -50 µM, n = 12), while that for the channel-type response covered a lower range (20 nM -12 µM, n = 7). This observation is consistent with the previously reported carrier-type currents recorded from BLMs containing a high content of AA (2 -10 mol%) added as a membrane component. 13 Similar channel-type currents have been reported for other detergent-like molecules PAF 20 and Triton X-100. 19 However, in contrast to these compounds, which need a higher concentration than their critical micelle concentrations (CMCs) to induce channel-type currents, AA induces channel-type currents at its concentration lower than the CMC (6.5 µM in 1 mM Ca 2+ solution). 28 The magnitudes of the integrated channel-type currents varied from one membrane to another, seemingly due to the different amounts of AA incorporated in BLMs having different membrane areas and resistance, even if the BLMs were prepared at the same aperture of a Teflon film. Consequently, the slope of the integrated current vs. the concentration plot was membrane-dependent, and the very magnitude of the channeltype currents from two different BLMs could not be meaningfully compared with each other. However, this difficulty in quantification of AA may be solved either by an approach using the relative response obtained with single membrane, i.e. standard addition method, as described in our previous paper, 22 or by using excised cell membranes whose membrane resistance varies over a very narrow range (1 -3 GΩ). 29 
Effect of cations and the voltage dependence
The existence of two types of ion transport indicates that AA works as either a carrier or a channel former. The effect of kinds of cations on AA-induced ion transport was examined by measuring the voltage dependence of integrated currents for the two mechanisms. The relationships between the integrated currents induced by 5.0 µM AA and the applied potential are shown in Fig. 5 , where the PC/DOTMA + /Chol BLMs were bathed in symmetric Na + , Ca 2+ and Mg 2+ solutions, respectively. Carrier-type currents were induced for all of the salt solutions by injecting 5.0 µM AA (n = 2). The obtained integrated current-voltage profiles were linear from -80 mV to +80 mV for all ions. These results suggest that AA transported Na + , Mg
2+
and Ca 2+ ions across BLM via a carrier mechanism. The transport of Ca 2+ by AA through liposomal BLMs was also examined by using Fluo 3-encapsulating liposomes. As shown in Fig. 6 , the fluorescence emission at 530 nm increased with the concentration of AA in the range from 5.0 to 50 µM (n = 3), showing an increase in the concentration of a Ca 2+ -Fluo 3 complex in liposomes. In this case, a rapid (< 1 min) incorporation of AA into the liposomal BLMs was observed as compared with the planar BLMs (vide supra). The faster responses for liposomes were probably due to that molecules in liposomes were more loosely packed than in planar BLMs (> 500 GΩ for PC/PE/Chol BLMs) and/or spherical diffusion of AA to liposomes may contribute to enhance the amount of AA at the membrane surface. In contrast, the linear diffusion of AA is predominant for planar BLMs. These results suggest that AA actually transports Ca 2+ across liposomal BLMs.
When the PC/DOTMA + /Chol BLMs were bathed in an asymmetric salt solution, i.e., 0.20 M NaCl in the trans solution and 0.10 M MgCl2 in the cis solution, first, a carrier-type current was induced by the addition of AA ( in Fig. 5d ). The integrated current-voltage relation was asymmetric with respect to the sign of the applied potentials, suggesting that AAmediated transport occurs more easily in the order of Mg 2+ >Na + . After waiting for 60 min, the carrier-type current changed to a channel-type one ( in Fig. 5d ). For the channel-type current, the integrated current-voltage relation was linear over the whole potential range examined, demonstrating that the same amount of charges (Na + or Mg 2+ ) was transported at both positive and negative potentials. Thus, the transport of ions via the channeltype mechanism is non-selective, probably because AA molecules assemble in the BLMs to form non-selective pores. This feature is preferable when designing a sensing membrane, because the response is not affected by the kinds of electrolyte ions.
Selectivity
Whether other fatty acids can induce channel-type and carriertype currents was investigated in the same manner as for AA. The fatty acids examined were SA, MA, OA, LA, LNA, EPA and DHA. In addition, PGD2, 5-HETE and 12-HETE were investigated, which are the major products of cyclooxygenase, 5-lipoxygenase and 12-lipoxygenase pathways in the brain, respectively. 2 (1) is also shown.
The excitation wavelength was 480 nm.
the trans solution of PC/DOTMA + /Chol BLMs and integrated currents were measured at an applied potential of +50 mV. While AA frequently induced channel-type currents with its wide concentration range (vide supra), channel-type currents were only occasionally observed for LNA at 5.0 µM and PGD2 at 1.0 µM (data not shown). For the remaining compounds, no channel-type currents were observed (n = 2 -3). These results suggest that the induction of channel-type currents is highly selective to AA over other fatty acids and AA metabolites. Interestingly, the observed selectivity orders for fatty acids and metabolites of AA were in agreement with those observed for biomembranes excised from mouse hippocampal neurons, i.e., AA OA ≈ LNA ≈ DHA ≈ SA for fatty acids, and AA 12-HETE ≈ 5-HETE ≈ PGD2 for metabolites. 29 These results indicate that AA-selective transmembrane ion transport occurs not only in the model system (planar BLMs), but also in the cell membranes.
On the other hand, MA, OA, LA, LNA, EPA, DHA, 5-HETE and 12-HETE induced carrier-type currents (n = 2 -3), i.e., an increase in the chord current, but SA and PGD2 did not induce carrier-type currents (n = 3). The magnitude of the integrated currents was normalized according to Eq. (1) and the selectivity was discussed in terms of the relative response. As can be seen from 12-HETE > 5-HETE > PGD2. Although the explicit reason for such a remarkable selectivity of the channel-type currents for AA is still unclear, the selectivity order of the carrier-type currents among fatty acids is partially explained by the empirical rule for carrier-mediated ion transports reported by Zeng et al.
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: carrier-mediated ion transport by fatty acid is accelerated when (1) the fatty acid contains many cis double bonds and (2) the length of the fatty acid is matched with the bilayer thickness to minimize the activation energy to the translocation process. For the number of cis double bonds, it has also been reported that the fatty acidinduced perturbation of the lipid acyl chain order in liposomal BLMs increases with the degree of cis unsaturation. 21, 30 Considering that the present BLMs were prepared from PC and DOTMA + , which mainly contain 18-carbon fatty acids (OA, LA and SA), the selectivity to AA (20:4) among fatty acids is probably due to the balance of two factors, i.e., the number of cis double bonds and the chain length of the fatty acid. This consideration is supported by the fact that cis-unsaturated fatty acids (OA, LA and LNA) with 18-carbon length are ranked in higher position in the selectivity order. Gutknecht reported on fatty acid (OA, MA, palmitic and lauric acids)-mediated proton conductance through planar BLMs. 31 It was reported that the order of the proton conductance is OA > palmitic acid > MA > lauric acid, which is in agreement with the selectivity order for OA and MA obtained in the present study.
Conclusion
The present study demonstrates that AA induces a transmembrane ion current through planar BLMs via a channeltype mechanism for cation transport, in addition to the carrier mechanism. The induction of channel-type currents is AAselective over its metabolites and other fatty acids, and the channel-type response increases with the concentration of AA, suggesting that the bilayer membranes work as a sensing membrane for AA. The amount of ions permeated via the channel mechanism is much larger than that via the carrier mechanism and, in addition, AA induces the channel-type response at a lower concentration than the concentration required for the carrier-type response. The channel-type response will be useful as a measure of the AA concentration for the development of lipid membrane sensors. ANALYTICAL SCIENCES FEBRUARY 2003, VOL. 19 
